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Introduction 

The use of block copolymer thin films as templates 
for patterning has great potential for applications in 
nanotechnology. 1 - 2 Block copolymers self-assemble into 
periodic structures with length scales of 10-100 nm in 
the bulk. 3 4 The size and the shape of the microphase- 
separated domains can be controlled by the molecular 
weight and composition of the diblock copolymer In 
patterning applications, thin films of block copolymers 
typically are employed. A common strategy is to use the 
rnicrophase-separated domain structures as a template- 
following self-assembly one block of the copolymer is 
selectively removed, and the remaining patterned mate- 
rial serves as an etch mask for pattern transfer into the 
substrate. 2 Films can be prepared easily over large areas 
by current coating techniques. A formidable challenge 
is to control orientation and perfection of ordering 5 of 
the domains in the thin films over large areas. 

Interfadal energies between the blocks of symmetric 
block copolymers and substrates in thin films govern 
the orientation of the rnicrophase-separated domains 
such that the lamellae generally orient parallel to the 
plane of the film. In addition, the minimization of the 
total free energy of films with a free surface requires 
the thickness to be quantized in terms of I*. 6 - 9 Several 
techniques have been demonstrated to align and orient 
d ,°^Jf ins ^ Mn mms of block copolymers. Morkved et 
al ^ and Mansky et al. 10b used electric fields to align 
cylindrical domains of poly (styrene-fc-methyl methacry- 
late) (P(S-MvIMA)) along the electric field lines in the 
plane of the film. Russell and co-workers used two 

* Corresponding author nealey^engr.wlscedu. 



techniques to achieve perpendicular orientation of do- 
mains: (1) random copolymer brushes of neutral com- 
position to induce perpendicular orientation of both 
lamellar domains and cylindrical domains in symmetric 
and asymmetric P(S-£-MMA), respectively, lla ~ e and (2) 
electric fields applied normal to the plane of a polymer 
film to orient cylindrical domains of P(S-5-MMA) per- 
pendicular to the substrate. 11 ** The cylinders were 
arranged in hexagonal arrays with perfection in the 
ordering over grain sizes similar to those observed in 
the bulk. Fasolka et al. cast ultrathin films of poly. 
(styrene-/>-77-butyl methacrylate) on rniscut silicon wa- 
fers and observed ordered morphologies along the 
corrugations of the substrate induced by thickness 
variations in the polymer film. 12 Rockford et al. ob- 
liquely deposited gold on rniscut silicon wafers to 
produce alternating stripes of gold and silicon oxide with 

°f^?L S R ± 10 nm * 13 Lamellar domains of symmetric 
r(b-£-MMA) oriented perpendicular to the substrate 
with greatest macroscopic ordering for patterns of gold 
and silicon oxide that were commensurate with the bulk 
lamellar period of the block copolymer. Gold was 
preferentially wet by polystyrene, and silicon oxide was 
preferentially wet by poIy(methyl methacrylate). Re- 
cently, Segalman et al. reported the use of sidewall 
constraints to induce long-range ordering of spherical 
domains over regions with dimensions as large as 4-5 
/<m. u These experiments were particularly elegant in 
that the ordering was induced on chemically homoge- 
neous substrates. 

In this paper we demonstrate a technique to induce 
orientation of lamellar domains of a symmetric block 
copolymer film perpendicular to the surface, with per- 
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fection in the ordering over macroscopic dimensions and 
with the ability to register or align the domains with 
features of the substrate. Our strategy combines ad- 
vanced lithographic techniques and guided self-as- 
sembly of the block copolymer film. Organic imaging 
layers are patterned using an advanced lithographic 
tool, i.e., extreme ultraviolet interferometric lithography 
(EUV-IL). Regions of the imaging layer that are exposed 
to radiation undergo a chemical transformation that 
alters the surface chemistry of the imaging layer. A thin 
film of a symmetric diblock copolymer is deposited on 
the patterned imaging layer and annealed above the 
glass transition temperature of the blocks of the copoly- 
mer. During annealing, the lamellar domains of the 
copolymer film self-assemble such that adjacent regions 
of the chemically patterned surface are preferentially 
wet by the different blocks of the copolymer. The 
lamellae orient perpendicular to the plane of the film 
and amplify the surface pattern. The advanced litho- 
graphic step allows for registration and alignment and 
may ultimately allow the fabrication of addressable 
arrays from block copolymer templates. 

Evidence that the strategy described above will be 
successful is derived from theoretical research in addi- 
tion to the seminal experimental work of Rockford et 
al. 13 Wang et al. investigated the morphology of sym- 
metric diblock copolymer films confined between a 
homogeneous surface and a striped patterned surface 
using Monte Carlo simulations. 15 With knowledge of the 
self-assembled structures that are observed for different 
combinations of pattern period and polymer interaction 
with the confining walls, Wang et al. rationalized the 
results of the molecular simulations and constructed 
phase diagrams using a phenomenological model. 16-19 
This model and other theoretical formalisms had also 
been applied previously by others to predict the behavior 
of diblock copolymer films on chemically patterned 
surfaces. 20 " 25 From the theoretical investigations, the 
following optimal conditions were identified that lead 
to amplification of the surface pattern with self-as- 
sembled perpendicular lamellae throughout the thick- 
ness of the polymer film: (1) the period of the patterned 
surface, Z*. was nearly equal to Z*, and (2) the confining 
homogeneous surface of the film had neutral wetting 
conditions (equal affinity for both blocks of the copoly- 
mer). One important difference between the theoretical 
work and the experiments relates to the boundary 
conditions of the polymer films. In the theoretical 
research, the films are confined between hard walls, but 
in the experiments, one of the surfaces of the film is a 
free surface. 

We have previously reported on a number of advance- 
ments to implement our strategy to guide the self- 
assembly of symmetric diblock copolymer films experi- 
mentally. Self-assembled (SA) films of octadecyltrichloro- 
silane (OTS) were investigated as organic imaging 
layers in conjunction with block copolymer films of P(S- 
b-MMA). The surface chemistry of OTS was modified 
by exposure to X-rays or EUV radiation in air such that 
the initial nonpolar, hydrophobic surface becomes polar 
and hyrophilic by the incorporation of hydroxyl and 
aldehyde terminal groups. 26 The wetting behavior of 
films of P(S-5-MMA) on exposed OTS was tuned such 
that the PS block preferentially wets unexposed OTS 
and the PMMA block preferentially wets exposed 
OTS. 27 - 28 In collaboration with Cerrina et al., we also 
invented an exposure tool capable of patterning at the 
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scale of tens of nanometers. 29 - 30 The tool is essential!] 
a Lloyd's mirror interferometer designed for use witi 
extreme ultraviolet radiation. 

In this paper, we pattern chemical gratings on S/ 
films of OTS using EUV-IL with periods from 1400 tc 
60 nm. The behavior of films of P(S-6-MMA) on these 
surfaces is studied as a function of the ratio of L* to Lo 
For Is > Lo, the surface patterns are transferred intc 
the polymer film resulting in height variations on the 
surface. For L* = the surface patterns are amplified 
by perpendicular lamellae. The two regimes of behavior 
are discussed in terms of the lamellar structure and 
orientation in the polymer films. 

Experimental Section 

Materials. Polished 100 mm diameter silicon (100) wafers 
were purchased from Tygh Silicon and used as substrates for 
deposition of films. Octadecyltrichlorosilane (CHaCCHdiySiCh, 
95%) was purchased from Gelest and was used as received. 
Toluene (99.8%. anhydrous), and chlorofrom (99+%. anhy- 
drous) were purchased from Aldrich and were used { hout 
further purification. Symmetric polyfetyrene- block-methi eth- 
acrylate) block copolymers were purchased from Poiymer 
Source Inc. Two molecular weights of P(S-M4MA) were used 
in our experiments: (1) number-average molar mass = 51 200 
g/mol, polydispersity = 1.06, styrene volume fraction = 0.48, 
and Lo ~ 30 nm; (2) number-average molar mass = 143 500 
g/mol, polydispersity = 1.09, styrene volume fraction = 0.51, 
and Lo ~ 66 nm. 

Preparation and Characterization of SA Films of OTS. 
The silicon wafers were cleaned by immersion in a piranha 
solution (7:3 (vrv) of 98% H 2 SO4/30% H 2 Oz) at 90 "C for 30 min. 
The silicon wafers were immediately rinsed with deionized 
water (resistivity > 18 MQ/cm) several times and were blown 
dry with nitrogen. The cleansed substrates were immersed in 
a 0.1% (v/v) solution of OTS in toluene in a glovebox with a 
nitrogen atmosphere. 28 The typical immersion times used here 
ranged from 24 to 30 h. After the substrates were removed 
from the silane solution, they were rinsed with chloroform for 
approximately 30 s, and excess chloroform was allowed to 
evaporate. The films were rinsed with absolute ethanol and 
were dried under a stream of nitrogen. Advancing contact 
angles of deionized water on OTS were measured using a 
Rame-Hart goniometer, and the typical value was abo"* 105 
=b 3 °. Previously, we have shown that films of P(S-6-M( J on 
the surface of SA films of OTS deposited under idi cal 
conditions exhibited symmetric wetting behavior after anneal- 
ing at 180 C for 24 h. 28 

Patterning of SA Films of OTS by EUV Interferomet- 
ric Lithography. OTS was exposed to EUV radiation (A = 
13.4 nm) radiation using the EUV interferometer system at 
the Center for Nanotechnology in Madison, WL 29 - 30 A descrip- 
tion of the system is included in the Results and Discussion 
section. The exposures were carried out in a chamber with a 
pressure of 100 mTorr of oxygen. The intensity of the incident 
radiation to the surface of SA films was ~10 mW/cm 2 . The 
period of the fringe pattern for all exposures was verified by 
patterning UV6 photoresist (Shipley) after the system was 
configured with a particular geometry. 29 - 30 Metrology of the 
photoresist was performed using scanning electron microscopy 
(Hitachi 6180 CD). The line and space structures of photoresist 
were often not exactly symmetric, as is the latent image (the 
interference pattern), but the period does not depend on 
symmetry and could be accurately determined by averaging 
over a large number of structures. 

Deposition of Diblock Copolymer on Patterned OTS. 
Thin films of P(S-b-MMA) were deposited onto patterned OTS 
substrates by spin-coating from dilute solutions (2% w/w) of 
the copolymers in toluene. Films were spun at rates from 2500 
to 3000 rpm for 60 s. The initial thicknesses of the films were 
determined using a Rudolf Research/Auto EL II ellipsometer 
using a He-Ne laser (A = 632.8 nm) at an incident angle of 
70 ° relative to the surface normal of the substrates. The use 
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scale of tens of nanometers.*"^ The tool is essentia 
a Lloyd's mirror interferometer designed for^S w 
extreme ultraviolet radiation. 
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Figure 1. Schematic of the Lloyd's mirror interferometer 
exposure system on the EUV beamline. The reflected beam 
from the mirror interferes with the direct beam at the 
substrate to produce the interference pattern. The fringe 
period is given by A/(2 sin 9) where 0 is the angle of incidence 
with the mirror. 

of the ellipsometer to measure the thicknesses of the P(S-&- 
MMA) films required an assumption about the index of 
refraction, n, for the microphase-separated material. We 
assumed n was the same as for polystyrene, and the results 
were consistent with measurements using a profilometer. The 
polymer films were annealed at 180 in a vacuum oven for 
24 h. After annealing, the films were investigated using atomic 
force microscopy (AFM) and transmission electron microscopy 
(TEM). 

Atomic Force Microscopy. The surface topography of the 
polymer films was characterized using AFM. AFM measure- 
ments were performed in air in both contact mode and tapping 
mode with a Nanoscope m MuJtiMode system (Digital Instru- 
ments). In tapping mode, both topography and phase image 
were obtained simultaneously. The typical imaging force in 
contact mode was on the order of 10~ 9 N. We used both oxide- 
sharpened silicon nitride tips (radii = 5—40 nm, Digital 
Instruments) and carbon nanotips (radii < 5 nm, Piezomax 
Technologies, Inc.) to image the topography of the polymer 
surface. 

Transmission Electron Microscopy. The internal struc- 
ture of the films was studied using TEM. TEM was performed 
on a JEOL 200CX at 200 kV in the bright field mode at the 
Materials Science Center at the University of Wisconsin- 
Madison. Samples were imaged in plane-view. A layer of 
carbon (ca. 20 nm thick) was evaporated onto the surface of 
films and then covered with a 25% aqueous solution of poly- 
(acrylic acid) (PAA). After the sample was dried in air 
overnight, the P(Sfr MMA)— carbon -PAA composite was peeled 
off the substrate and floated on delonized water with the PAA 
side down. After the PAA layer dissolved, the floating film was 
collected onto TEM grids. The films were then exposed to the 
vapor of the Ru0 4 solution for 15 min. The RuO* selectively 
stains the PS block and provides contrast in electron density. 

Results and Discussion 

A schematic of the EUV interferometer exposure 
system is presented in Figure l. 29 - 30 An Au-coated 
polished silicon wafer (prepared by vacuum deposition 
with a root-mean-square roughness < 0.32 nm) was 
used as a Lloyd's mirror to reflect part of an incident 
beam at grazing incidence and interfere with the direct 
beam at the sample plane. The fringe period is given 
by A/(2 sin 6) where 6 is the angle of incidence with the 
Lloyd's mirror. The theoretical limit is 6.7 nm for the 



minimum printable period for incident radiation with 
a wavelength of 13.4 nm. An OTS-covered silicon wafer 
is placed at the downstream end of the mirror so as to 
irradiate the sample with the interference fringe pat- 
terns. The number of fringes depends on the spatial and 
temporal coherence of the source. The spatial coherence 
depends on the size of the light source and distance from 
the source. In our experimental setup, temporal coher- 
ence ultimately limits the number of fringes, and the 
source can be considered to be spatially coherent for 
practical purposes. 30 The finite temporal coherence 
limits the allowed optical path difference between the 
direct and reflected beams for producing fringes. The 
number of fringes, m, is proportional to A/AA. 29 The 
interferometer can be operated with or without a 
monochromator in the path of the beam before the 
mirror. With the monochromator, the beam intensity 
is low, but A/AA is approximately 1000. In this mode, 
approximately 1000 fringes were produced If the fringe 
period was 40 nm, for example, the width of the 
patterned area observed in patterns of photoresist was 
.40 /*m. Without the monochromator, the number of the 
fringes produced is 15—20 (A/AA « 15—20), but the 
intensity of the beam is approximately 60 times greater 
than that of the monochromatic beam. Because of 
differences in sensitivity and contrast between photo- 
resist and OTS imaging layer, the number of fringes 
that were observed in patterned photoresist was sig- 
nificantly greater than the number of fringes that were 
observed on patterned OTS. Exposures of OTS with 
grating periods of ~60 nm were performed without the 
monochromator so as to reduce the exposure times to 
approximately 50-60 s compared to ~1 h with the 
monochromator. The length of the exposed area cor- 
responded to the width of the beam. ^5 mm. The 30 
nm features on the patterned SA films of OTS with the 
smallest grating periods are the smallest reported 
features on SA films of alkylsiloxanes patterned using 
a parallel patterning technique. 

Figure 2 shows an AFM image of the surface of a P(S- 
6-MMA) film after it was deposited and annealed on 
OTS that had been exposed in the EUV interferometer. 
The period of the fringe pattern, Ls, was 900 nm. The 
initial film thickness of the block copolymer was 66 ± 2 
nm (2.2Lo). With knowledge of the initial film thickness 
and Lo. the formation of topography on the surface of 
the film and the type of topography were used to 
determine the wetting of the block copolymer at the 
substrate. For the initial thickness of 2.2£o, island 
formation was indicative of symmetric wetting, and hole 
formation was indicative of asymmetric wetting. Three 
different regions were observed on this sample. The left 
side of the surface was unexposed because it was in the 
shadow of the mirror. Islands with heights of -~30 nm 
(lo) were observed in this region, indicating symmetric 
wetting of the block copolymer with the PS block at the 
polymer— substrate interface and at the free surface. 
The right side of the surface was uniformly exposed 
because this region is outside the area where coherent 
fringes are produced. Holes with depths of ~30 nm were 
observed in the exposed region, indicating asymmetric 
wetting of the block copolymer. In this case, the PMMA 
block preferentially wet the polymer-substrate inter- 
face, and PS was present at the free surface. On the 
patterned region in the middle, the topography of the 
block copolymer film replicated the period of the fringes 
of the EUV exposure. AFM measurements showed that 



BNSDOCIO: <XP. 



_2223Z75A_I_> 



9578 Yang et al. 



Macromolecules. Vol 33, No. 26, 200( 



Unexposed Patterned Exposed 
region region region 



Symmetric 
wetting 




(b) 



Asymmetric 
wetting 




a 



XZZ5 



30.0 |im 



Figure 2. (a) AFM image of the surface of a P(S-Mv4MA) {La = 30 nm) film after deposition and annealing on a chemically 
patterned surface with a period of 900 nm. The initial film thickness was ~2.2Lo (66 ± 2 nm). Unexposed regions showed island 
topography with a height of —30 nm (IJ, indicating symmetric wetting. The topography of the P(S-6-MMA) film on patterned 
regions replicated the underlying pattern of the OTS due to different wetting behavior on adjacent stripes. Exposed regions owed 
hole topography with a depth of —30 nm (£©), indicating asymmetric wetting, (b) AFM image of the topography of the filr ^ the 
patterned region marked in Figure la. The difference in height between adjacent regions was —15 nm ( l kLv). 



the pattern period was 900 nm, and the difference in 
height between adjacent regions was 15 nm. 

We interpret these results based on our previous 
reports detailing the chemical modification of OTS upon 
exposure to X-rays (A ^ 1 nm, A TJX 3) 26 and the 
wetting behavior of P(S-6-MMA) films on OTS and OTS 
exposed to X-rays in the presence of oxygen. 27 - 28 Expo- 
sure of OTS to X-rays results in the incorporation of 
oxygen-containing functional groups on the surface of 
the film. Primary and secondary electrons generated by 
the interaction of the X-rays with the substrate are 
primarily responsible for the photochemical reac- 
tions 2631 * 32 The chemical modification of OTS exposed 
to EUV radiation is expected to follow the same mech- 
anism as that for X-ray exposures. The wetting behavior 
of P(S-6-MMA) films on OTS-covered substrates can be 
tuned from symmetric to neutral to asymmetric wetting 
with increasing dose of X-rays. 27 The transitions in 
wetting behavior were correlated to relative values of 
interfacial energy for the PS and PMMA blocks on these 
surfaces. The wetting behavior observed on OTS ex- 
posed to EUV radiation follows the same trends: sym- 
metric wetting was observed on unexposed OTS 2 * or 
OTS exposed to low doses, 27 and asymmetric wetting 
was observed on OTS exposed to high doses. 27 The 
topography observed in the middle regions is identical 
to that observed on OTS patterned with X-ray lithog- 
raphy with dimensions of 150—1000 nm. 33 Adjacent 
exposed and unexposed regions exhibited asymmetric 
and symmetric wetting, respectively, and the block 
copolymer film differed in height by 15 nm i}lzL^ across 
adjacent regions. The height difference of 1 /zLq cor- 
responded to the difference in quantized thickness 
between symmetric and asymmetric wetting behavior. 6 "" 9 

Figure 3 shows two typical AFM images of the surface 
of P(S-Z>-MMA) films after they were annealed on OTS 
that had been patterned with EUV interferometer with 
periods of 240 nm (Figure 3a) and 120 nm (Figure 3b). 
The period of the fringe pattern was replicated with 
great fidelity by the undulating topography of the 
polymer films. The difference in height between exposed 
and unexposed regions for both cases was less than 15 
nm (V2AJ. We believe the topography depicted in Figure 
3a,b accurately describes the sample surface and is not 



corrupted by convolution effects in the AFM measure- 
ments because identical images were obtained using 
both oxide-sharpened silicon nitride tips (tip radii = 
5—40 nm) and carbon nanotips (tip radii < 5 nm). To 
investigate the decrease in height difference with 
decreasing pattern dimensions, we configured the EUV 
interferometer to produce Fresnel diffraction fringes. As 
shown in Figure 4, the difference in height between 
adjacent regions, Ah, decreased from 15 to 3—4 nm, as 
Ls decreased from —1410 nm (~47Lq) to 240 nm (4Lo, 
Lo = 30 nm). A plot of Ah as a function of Ls is shown 
in Figure 5. Note that Ah =12 nm on the film shown 
in Figure 4 when Ls = 1000 nm, and Ah =15 nm on 
the film shown in Figure 2 where Ls = 900 nm This 
discrepancy cannot be explained but may be due to 
differences in film thickness between the two samples 
or to the asymmetry of the patterned features in Figure 
4. 

The internal lamellar structure of the film shl i in 
Figure 4 is unknown. For Ls > 1400 nm with Ah - . 2 Lo, 
it is a good assumption that adjacent regions exhibit 
symmetric wetting and asymmetric wetting and that 
+V2 and — Vz dislocations exist at the boundaries. We 
have previously reported this type of behavior for thin 
films of P(S-6-MMA) on SA films of OTS patterned with 
proximity X-ray lithography. 33 " 35 Imaging the topogra- 
phy of the films with AFM, in fact, turns out to be a 
convenient technique to image the underlying pattern 
of the SA films. 34 Pereira et al. have used a phenom- 
enological model to investigate numerically the mor- 
phology of thin films of diblock copolymers on substrates 
patterned with alternating stripes wet by the different 
blocks of the copolymer where Ls » Z-o. 36 It is unclear 
how to relate the theoretical calculations to the experi- 
mental observations since: (1) Pereira et al. explicity 
assumed that the difference in height between adjacent 
regions was equal to £0, as opposed to the experimen- 
tally determined value of l kL Q p~ Z5 and (2) the topog- 
raphy of the film was modeled as having a step function 
profile at the edges of the stripes, as opposed to the more 
sinusoidal-like profile observed experimentally. We also 
note that the model of Pereira et al. predicts that the 
lateral distance. Lkink, over which kinks in the lamellar 
structure accommodate the +1 dislocation at a pattern 
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the pattern period was 900 run, and the difference in 
height between adjacent regions was 15 nm. 

We interpret these results based on our previous 
reports detailing the chemical modification of OTS upon 
exposure to X-rays (i « 1 nm, A A/A « 3) 26 and the 
wetting behavior of P(S-6-MMA) films on OTS and OTS 
exposed to X-rays in the presence of oxygen. 27 - 28 Expo- 
sure of OTS to X-rays results in the incorporation of 
oxygen-containing functional groups on the surface of 
tne Him. Primary and secondary electrons generated by 
the interaction of the X-rays with the substrate are 
P^^yresporisible for the photochemical reac- 
"»?°2? *n7 The chemical modification of OTS exposed 
to EUV radiation is expected to follow the same mech- 

^p Sm tf^A(°«, X " ray e ^ ures " 1116 w <*ting behavior 
of PQ3-&-MMA) films on OTS-covered substrates can be 
tuned from symmetric to neutral to asymmetric wetting 
with increasing dose of X-rays. 27 The transitions in 
wetting behavior were correlated to relative values of 
mterfadal energy for the PS and PMMA blocks on these 
surfaces. The wetting behavior observed on OTS ex- 
posed to EUV radiation follows the same trends: sym- 
metry wetting was observed on unexposed OTS 28 or 
OTS exposed to low doses, 27 and asymmetric wetting 
was observed on OTS exposed to high doses. 27 The 
topography observed in the middle regions is identical 
to that observed on OTS patterned with X-ray lithog- 
raphy with dimensions of 150-1000 nm. 3 * Adjacent 
exposed and unexposed regions exhibited asymmetric 
and symmetric wetting, respectively, and the block 
copolymer film differed in height by 15 nm (V 2 ZJ across 
adjacent regions. The height difference of Vzlo cor- 
responded to the difference in quantized thickness 
oetween symmetric and asymmetric wetting behavior. 6 - 9 

nf 5ft^iJft?!"2i tW0 ^? ical AFM ^age* ofthe surface 
°! ^S-6-MMA) films after they were annealed on OTS 
that had been patterned with EUV interferometer with 
periods of 240 nm (Figure 3a) and 120 nm (Figure 3b). 
ine period of the fringe pattern was replicated with 
great fidelity by the undulating topography of the 
polymer films. The difference in height between exposed 
and unexposed regions for both cases was less than 15 
nm (VzZJ. We believe the topography depicted in Figure 
<ia,b accurately describes the sample surface and is not 

222327 5A l_> 



corrupted by convolution effects in the AFM measure- 
ments because identical images were obtained usine 
both oxide-sharpened silicon nitride tips (tip radii == 
0-40 nm) and carbon nanotips (tip radii < 5 nm ) To 
tavestigate the decrease in height difference with 
decreasing pattern dimensions, we configured the EUV 
interferometer to produce Fresnel diffraction fringes. As 
shown in Figure 4. the difference in height between 
adjacent regions. Ah. decreased from 15 to 3-4 nm S 
U decreased from -1410 nm (-47ZJ to 240 nm (41,. 
U - 30 nm) A plot of Ah as a function of U is shiwn 

" lZZ a N h ° te 12 nm ° n the Him shZZ 

in Figure 4 when Z. = 1000 nm, and Ah = 15 nm on 
e film shown in Figure 2 where Z, = 900 nm This 
discrepancy cannot be explained but may be due to 
differences in film thickness between the two samples 
or to the asymmetry of the patterned features In Figure 

The internal lamellar structure of the film shr -n in 
Figure 4 is unknown. For La > 1400 nm with Ah=- 
it is a good assumption that adjacent regions exhibit 
symmetric wetting and asymmetric wetting andthat 
+Va and -V, dislocations exist at the boundaries We 

mZ S^ftS^E^ type 0f behavIor for thin 
films of P(S-6-MMA) on SA films of OTS patterned with 
proximity X-ray lithography.33-3s ^ to J™£ 

phy of the films with AFM, in fact, tirns out to tea 
convenient technique to image the underlying pattern 
of the SA films. 8 * Pereira et al. have used a phenom- 
eno ogical model to investigate numerically me mor- 
phology of thin films of diblock copolymers on substrates 
patterned with alternating stripes wet by the different 
blocks of the copolymer where U a> ^ it is unclear 
how to relate the theoretical calculations to the experi- 
mental observations since: (1) Pereira et al. explicitv 
assumed that the difference in height between adjacem 
regions was equal to U as opposed to the experimen- 
tally determined value of W" 38 and © flSTSS- 
raphy of the film was modeled as having a step function 
profile at the edges of the stripes, as opposed to Ite more 
smusoidal-Uke profile observed experimentally. Weafco 
note that the model of Pereira et al. predicts that the 
lateral distance. Lun k , over which kinks in the lamellar 
structure accommodate the +1 dislocation at a pattern 
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^XSgSSS S^Vnn?^ on chemically patterned 



boundary with Ah - L* is of order U Data presented 
by Liu et al. showed to be of order several hundered 

n ^°5?^ ers at *** ed S e of an island with a step hewht 
of A. 37 Our data for + V 2 dislocations also indicates SZ 
to be of order several hundred nanometers. 

As I, decreased below 1400 nm. Ah decreased below 
izU. A number of morphologies may be consistent with 
this experimental observation. Two intuitive possibili- 
ties include the following: (1) Parallel lamellae with 
alternating symmetric wetting and asymmetric wetting 
where the surface topography is flattened due to surface 
tension forces and the lamellae are pinched {L * jr) at 
the edges of the pattern. This behavior is similar tothat 
reported by Liu et al. in which the surface profile of the 
edge of an island (Ah = U was flattened and resulted 
«n pinching of the lamellar domains near the -1 
dislocation^ ( 2 ) Perpendicular lamellae or disordered 
lamellae are present at the edge of the pattern or 
throughout regions of the film. This behavior is similar 
to that reported by Carvalho et al.,38 L iu et al.,3* and 
Heier et al.39 where a reorientation of lamellae was 
observed at the edge of islands (AA = or similar to 
that reported by Heier et al. where islands over regions 
or perpendicular lamellae had step heights < U <°?i We 
believe the former description is more likely because we 
nave not observed perpendicular lamellae at the pattern 
boundary or within the fringe pattern on our samples 
using either plane-view TEM or AFM. sam P les 



As the period of the fringes with which the OTS was 
exposed approached the bulk lamellar period of the 
block copo^rmer. a different behavior was observed 

Sm^il! 10WS A ™ P hase ima g e of P(S-^MMA) 
film after it was annealed on an OTS surface that had 

e n n J osed " s n in 8 ^e EUV interferometer configured 

Jwrknl C ~ 6 °«n m fr ^ e periods - ™ e initialfilm 
thickness was -60 nm (ZJ. AFM images of the toooe- 
raphy of the polymer films revealed that surfaSS- 
ness was on the order of 1 nm. but no pattern in the 
roughness was observed. In phase images, however a 
%£E?JT ° f £ served on toe patterned region that 
^ fringe period of the exposure On the 
nonpatterned unexposed and exposed regions of the 
samples there was no evidence of alignment of the 
features in the phase image. Figure 6 is a representativl 
S?.? ^ mor Phology that was characterisUc 
™h ?h ♦ entire u 5 n,m len « th oFth e patterned regions 
and that was characteristic of a number of different 

due to differences in chemical composition between the 
blocks of copolymer.^ The PS block appears darker ttan 
the PMMA block.'* (Note: there %s7o contrast 
phase images of the surfaces of the polymer films 
depicted in Figures 2-4.) A block copdZ er film" 
processed in exactly the same manner as the film shovm 
in Figure 6 was prepared for TEM analysis. Figure? 
shows the in-plane-view image of the filmf The PS block 
appears darker than the PMMA block due to staining 
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60.0 



30.0 
nm 



Figure 4. AFM images of the surface of a P(S-6-MMA) (Lo = 
30 nm) film after deposition and annealing on a surface 
chemically patterned with a Fresnel diffraction pattern. The 
period of the surface pattern decreased from ~1410 to 240 nm 
from left to right in the images. The initial film thickness was 
~2.2Lo (66 ±2 nm). (a) AFM image with cross sectional data, 
showing the difference in height between adjacent regions 
decreased from ~15 nm (V2L0) to 4—5 nm as L& decreased from 
~1410 to 240 nm (b) Three-dimensional AFM image of the 
topography of the polymer film. 
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Figure 5. Plot of Ah versus fringe period for the polymer film 
shown in Figure 4. For fringe periods greater than 1400 nm, 
A/7 equaled 15 nm QhLo). As the fringe period decreased, AJh 
decreased to a minimum of ~3 nm for a fringe period of 240 
nm. 

with RUO4- The phase image and the TEM image 
provide conclusive evidence that the lamellae are ori- 
ented perpendicular to the substrate and are aligned 
with the underlying pattern in chemical functionality 
over macroscopic dimensions. 



Exposed 
region 



Patterned Unexposed 
region region 




Figure 6. Tapping-mode AFM phase image of the surface of 
a P(S-6-MMA) {Lo = 66 nm) film after deposition and annealing 
on a chemically patterned surface with a period of ~L». The 
initial film thickness was ~Lo (60 nm). The lamellae were 
oriented perpendicular to the plane of the film and amplified 
the surface pattern. The contrast in the phase image was due 
to differences in chemical composition between the blocks of 
copolymer with the PS block appearing darker than the PMMA 
block. 

It is unknown whether defects in the perpent tlar 
lamellar structures shown in Figures 6 and 7 ./ere 
present only on the surface or extended through out the 
entire thickness of the film. The defects were unlikely 
to be due to defects in the patterning of the OTS because 
imperfections were rarely observed in patterned resist. 
One reason for the defects may be that Lo was slightly 
larger than I*. We measured Lo to be 67.8 ± 1.6 nm 
from the TEM images in Figure 7, 65 ± 2 nm from the 
AFM phase image in Figure 6, and 66 ± 1,3 nm from 
the step heights of holes on a thin film on a homoge- 
neous surface using AFM. We measured from pat- 
terned photoresist to be 63 ± 1 nm. The ratio of Lo to 
Ls, therefore, could have ranged from 0.98 to 1.12. 
Rockford et al. have shown that defects are more likely 
as Lq and L$ become more incommensurate. 13 It is also 
possible that the lamellae are perfectly registered with 
the chemical pattern at the substrate interface and that 
the defects are due to segregation of PS at the sur- 
face. 1519 PS preferentially segregates to the free surface 
because PS has a lower surface tension than that of 
PMMA. We have observed similar defects for films with 
lamellae oriented perpendicular to the substrate an- 
nealed on neutral wetting substrates. 27 By etching and 
imaging the films on neutral substrates at different 
depths, the defects were shown to be only at the free 
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Sown*^ fSSL° ^ P , erlod for 1,16 film 
AAwu^dl^^m w 8 * P 61 ^ ^ 1400 nm. 

^equaled 15 nm QkLJ. As the fringe period decreased Ah 
decreased to a minimum of ~3 nmftfr SSSm 

^ M * U °<- J*? P h asf image and the TEM image 
provide conclusive evidence that the lamellae are ort- 

^rfth P p^ di f U , lar to 11,6 Substrate ^e aligned 
with the underlying pattern In chemical functionality 
over macroscopic dimensions. ^ 



Exposed 
region 

-a 



Maaromolecules. VoL 33. No. 26. 2. 

Patterned Unexpose 
region region 




BNSDOCID: <XP_ 



. iMf ""known whether defects in the perpend' -Har 
lamellar structures shown in Figures 6 and ? 
present only on the surface or extend^o^gh out'Se 

° rthe film - ^ defects^SfunliSv 
to be due to defects in the patterning of the OTSbecS 
^perfections were rarely observed in patterned rS 
fc" f ? r * e ***** may be thaf iXZlSgfc 
larger than We measured L, to bp fi7 » 4. i c 
from the TEM images in Fimu-e 7 65 il 2 nm fi ."J" 
AFM phase image In FigurfT^d 66 ± 
the step heights of hole! on a thir Tfum Ton a £5? 
neous surface using AFM. We me wSSldVtSS^S 
terned photoresist to be 63 ± 1 nm. The rauoTZ to 
Z,. therefore, could have ranged from 0 98 tn, n? 

2fSS W have shown tha! '«£?«52^iiS 

£ » an l £ * be « me more incommensurate. » It istlso 
possible that the lamellae are perfectly reSstered wSh 

? 6 due t0 segregation of PS at the su? 

beSuse PS ? hf TTl^ X i CBateS to ^ ^"ur?a« 
Efi?!, \ l0Wer Surface tens ^n than that of 
PMMA. We have observed similar defects for films with 
IameUae oriented perpendicular to the subsKs An- 
nealed on neutral wetting substrates^ Bv e S ^ 
Sft? 6 ^ °n neutral *il£^ffdSK5 
depths, the defects were shown to be only at the free 
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surface. This type of analysis was not possible in this 
study because the total film thickness was only 60 mn 
Orientation of lamellae perpendicular to the substrate 
and registration of the domains with an unSerS 

r tting behavlor 18 * agreement S 
w ^ e0ry> f " d experimental work in the lit- 
21 Wang et al. investigated the morphology of 
n^^n ^ ^Pdymer films confined between 
patterned and homogeneous surfaces using Monte Carlo 
and used this information to construe! 
phase diagrams with a simple phenomenological theory » 
LtT^.r experiments, perpendicular 
Wllae aligned with the surface pattern were predicted 
when the surface pattern period was comparable to the 
bulk lamellar period of the block copolymer and the 
upper boundary condition for the film te a neutral or 
weakly preferential surface. or 
The experiments presented here build on previous 

ofTleCof^^^ demo ^rated «r£SK 
ZlT?v 1 P ( S ;^ M MA) perpendicular to the substrate 
and aligned with a surface pattern consisting of alter- 
nating gold and SiO„ stripes when the surface pattern 
5?S? w f u ror ™fnsuratewith the bulk lamellar period 
bv £nJ ? , • C0P ° . ,ymen ^ Urates were prepared 
by annealing miscut silicon to produce topographic 
patterns of bunched steps and terraces (Ah £ iffi 

»«iT ipe ^ SU ? aCe Was created b y obliquely depositing 
gold and taking advantage of a shadowing effec? 

va^H„f h S ° f P K rodUCing Surface P a «ems uf ing S 
vanced lithography instead of miscut silicon include (1) 

Snn^" H Ce are P urel y che mical with no 

topography according to our AFM characterization (2) 
perfection ,n the surface patterns extends over macro- 
scopic dimensions, potentially millimeters. (3) the di- 
mensions of the patterns are easily manipulated and 
(4) patterns other than stripes are readUy obtainable 
Sn ^.h advanced »thography also enables registra 
tion of the pattern with features of the underline 

SESST? PTOCeSS iS com P atibl e witrTsSanf 
mkroelectronic processing techniques. The use of sub- 
strates patterned with advanced lithography in conlu£ 
tion with self-assembly from the meltVy aj£ vTitock 



copolymers to be used to fabricate addressable arrays 
over large areas at the scale of 10 nm. * 
Another major difference between the experiments of 
Rockford I et al and those presented above TstteTroSss 
of depositing the block copolymer films. RocSord e?a? 
put a drop of a dilute solution of P(S-6-MMA)ta toluene 
or. ttieir substrates and slowly evaporated ttie solvent 

n?mf^° W Wh6ther the re P°«ed morpholep of 
the films are representative of the entire polymer filrn 
or are representative of the morphology near the edS 
of the drop or whether the solvent-annealed films S 
uniform in thickness. The block c^mer HuSs^r 
umform initial thickness in this study w^fdeoostted 

patterned and unpatterned areas. The morphology of 
2^? m ^^-e^embled in the melt during anTieahn? at 
£?H P l?^ reS ^ b ° Ve ^ 8 lass ^nsition temperature of 
both blocks. The method of Rockford et al may be 
advantageous in terms of producing fewer defects The 
solvent imparts greater mobility to tne polymer and ihe 
nonpreferential nature of the solvent may effeTtiV^v 
create a neutral boundary condition at the iSSSS 
The advantage of thermal annealing is ease and reoro- 
ducibUify of processing. repro- 

Conclusions 

We have developed a technique to control the orienta- 
Sffif Tn lar d °!T ainS m su PI»rted thin fflrns orP(l- 
6-MMA . Advanced lithographic techniques were used 
to chemically pattern an imaging layer to guide the self 
assembly of diblock copolymer films. &merm\ en tal 

fn^ Sh °K W l d tf Pe riod of the su^ed^atteS 
in wetting behavior on the surface was greater than IT 

^ ameU 1f f™"^ of P(S-^MMA) films was o^ien- 
£2 d r P a £ aI1 el to substrate and exhibited topography 
th ^ ,Cated . th ^ und erlying pattern of the surface 
The difference in height between adjacent regions had 
a r maximu / n value of V 2 Z, and debased 1s t ap- 
proached U If the period of the surface patterns w^s 
commensurate with A, the lamellae stW™ wS 
onented perpendicular to the substrate and amplified 



BNSOCCID: <XP 222327SA_I_> 



I 



9582 Yang et al. 

the pattern of the imaging layer. Guided self-assembly 
of lamellae in block copolymer films was observed over 
macroscopic dimensions. 
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